The cavitation behavior in room-temperature deformation was investigated for Zn-22 mass%Al alloy by metallographical observations, and compared with that in high-temperature deformation. It was predicted from metallographical observation that the critical cavity radius of transition in growth mechanism from diffusion-controlled to plasticity-controlled would exist. In the range of plasticity-controlled growth mechanism, the cavity growth parameter, , exhibited 1.65 and 2.45 in the deformation at high temperature and room temperature, respectively. In primary period of straining, cavities in room-temperature deformation could be nucleated more easily compared with those in hightemperature deformation. The experimental cavity growth rates in both conditions were almost same at cavity size of about 1 mm.
Introduction
Superplasticity refers to the ability of some materials to exhibit, at elevated temperature, large elongation of several hundreds or even thousands of percent without the development of necking. 1) It has been known well that superplastic deformation requires a fine grain size, typically below 10 mm, and reasonably high testing temperature at least 0:5T m , where T m is the absolute melting temperature of the material in degrees Kelvin.
2) Superplasticity has been utilized for the fabrication of complex parts from sheet metal because of the large elongation.
3) There is considerable current interest in developing materials with ultrafine grain sizes, since experimental evidences have shown that reducing grain size increases the superplastic strain rate and/or decreases the superplastic temperature. [4] [5] [6] [7] Recently, it has been reported that Zn-22 mass%Al alloy exhibit superplastic behavior even at room temperature and high-strain-rate of 10 À2 s À1 . 8) The results are very attractive for commercial applications because the major problems in the current superplastic forming technique are very slow forming rates and high forming temperature. The investigations about press-forming are also carried out in order to put Zn-22 mass%Al alloy seismic damping device to practical use, [9] [10] [11] [12] [13] which reduce the vibration of buildings by absorbing the energy of an earthquake by undergoing plastic deformation before the main structure would undergo such deformation.
It is also well established that excessive cavities, which were nucleated at grain boundaries during a superplastic deformation, degrade the mechanical properties of deformed components such as undesired premature failure, and consequently result in constraints of the commercial use of the superplastic materials. Therefore, increasing attention has been devoted to the role of cavitation in superplastic behavior. [14] [15] [16] [17] [18] [19] [20] In Zn-22 mass%Al alloy, some investigations concerned with the cavitation characteristics have been carried out before now. [21] [22] [23] [24] However, almost the reports discussed only the cavitation behavior in Zn-22 mass%Al alloy superplastically deformed at high temperature above 473 K, and the quantitative analysis was also carried out scarcely. In addition, it has been concluded in the previous reports that the deformation mechanism at room temperature, which exhibited the apparent m-value of about 0.25, was same as superplastic deformation mechanism at high temperature.
Therefore, the aim of the present investigation was to examine the cavitation behavior quantitatively in Zn-22 mass%Al alloy superplastically deformed at room temperature and high temperature. Furthermore, when we tried to apply this alloy to a seismic damping device as mentioned above, the press-forming was performed at low temperature below 423 K and a damping device is exposed to harsh deformation at room temperature in order to absorb the energy of an earthquake. Therefore, it is important to investigate the cavitation characteristics in room-temperature deformation. The changes in cavitation with strain were analyzed with the results of metallographical observations.
Experimental Procedures
The material used in the present investigation was Zn-22 mass%Al alloy produced by Kobe Steel Ltd. First, large ingots were prepared using an electric furnace in air and machined into rods with a diameter of 150 mm. The rods were extruded from 150 mm to 10 mm diameter ultimately. Thermo-Mechanical Controlling Process (TMCP) was utilized during these processes. TMCP is described in detail in the previous paper. 25) In addition, the samples were coldrolled at room temperature to 2 mm thick. The typical scanning electron micrograph of the as-rolled alloy is shown in Fig. 1 . The average grain size, d, was calculated using the equation, d ¼ 1:74L, where L is the linear intercept size. The bright and dark phases correspond to the Zn-rich and Al-rich phases, respectively. The average grain size of Zn-rich and Al-rich phases were 1.43 and 1.07 mm, respectively. Therefore, the average grain size of the alloy was 1.25 mm. No cracks of cavities were also observed prior to testing.
Tensile specimens of 18 mm gauge length and 6 mm gauge width were machined from the as-rolled sheet, with the gauge length parallel to the rolling direction. Constant strain rate tensile tests were carried out at temperature of 303 K (0:44T m ) and 473 K (0:68T m ), and in a strain-rate range 1 Â 10 À5 À 1 s À1 , in air. In tensile test, each specimen was heated to the required temperature over a period of 30 min, held at temperature for 10 min to establish thermal equilibrium, and then pulled to failure with the temperature held constant to within AE2 K. The flow stress for each strain rate was determined at small strain of 0.1. In such a small strain, grain growth occurring during superplastic flow would be negligible. The variation in strain rate and elongation at 303 K and 473 K as a function of stress for Zn-22 mass%Al alloy is shown in Fig. 2 , where the tensile tests at the strain rate of 10 À3 -10 À1 s À1 and 473 K were interrupted due to exceed the measuring limitation. It is apparent that the strain rate sensitive exponent, m-value, at 303 K and 473 K exhibit about 0.4 and 0.25. Although the m-value at room temperature exhibited lower value than that in high-temperature deformation, it is suggested from experimental evidence of grain boundary sliding and experimental analysis that the deformation mechanism with m-value of 0.25 corresponds with that of high temperature superplasticity. 8) In the present investigation, the conditions of (1)
were used for the examination of cavitation. The experimental conditions were summarized in Table 1 .
Cavities in the samples, deformed to strains of 0.2, 0.5, 0.7, 1.0, 1.2 and 1.5 in each condition were metallographically observed by optical microscopy. All cavities were assumed to be spherical for the analysis of the cavity size distribution. In addition, both the gauge section and the grip section were mechanically polished with a fine abrasive paper, and the volume fraction of cavities in these sections was determined by density measurements. Mass and volume were measured using MC210S produced by Sartorius AG and Micromeritics Gas Pycnometer Accupyc 1330 produced by Shimadzu Corporation, respectively.
Results and Discussion

Cavity volume analysis
Cavity growth behavior has been investigated by measuring the cavity volume fraction in the present investigation. Figure 3 shows the variation in cavity volume fraction as a function of true strain in experimental condition (1) and (2) . It should be noted that the cavity volume fraction increased exponentially with the strain in both conditions. It is obvious Fig. 3 The variation in cavity volume fraction as a function of true strain in experimental condition (1) and (2). 2548 T. Tanaka and K. Higashi that the curve could be divided into two regions: the high slope below the true strain of 0.5 and the low slope above the strain of 0.5. It has been proposed that the increase of cavity volume fraction with an increase in strain essentially resulted from the diffusion-controlled growth and the plasticitycontrolled growth. 16) The former is predominant mechanism in a small cavity and has high cavity growth rate. On the other hand, the latter is predominant mechanism in a big cavity and has low cavity growth rate. In the region with the high slope in Fig. 3 , it is considered that the diffusion-controlled growth may be the dominant cavity growth mechanism. On the other hand, it is considered that the plasticity-controlled growth may be the dominant cavity growth mechanism above the strain of 0.5.
The microstructures showing cavities observed by a color laser microscope using a light screen mode were presented in Fig. 4 , where the samples in Figs. 4(a) and (b) were deformed up to true strain of 1.0 in the experimental condition (1) and (2). It is apparent from Fig. 4 that the cavities in this alloy are primarily nucleated at -interface and triple point. In addition, cavities were interconnected and the shape of cavities is elongated in the direction of straining. Therefore, it is suggested from this result that cavities are growing due to the plastic-controlled growth.
When cavity growth is plasticity-controlled, the cavity volume fraction is given by
where C v is the cavity volume fraction, C 0 is the volume of cavities at zero strain and is the cavity growth parameter which is dependent upon both the applied stress state and the geometry of deformation. The cavity growth rate parameter, , usually has a value in the range from 2 to 4 for many superplastic materials and it is dependent on material, strain rate, temperature, and grain size. 26) From Fig. 3 , the cavity growth parameters, , at 473 K and 303 K were about 1.65 and 2.45, respectively. These differences in both conditions are probably responsible for the difference of flow stress and testing temperature.
Quantitative analysis about cavity number
The variations in the number of cavities per unit area as a function of cavity radius at strains of 0.2, 0.7 and 1.2 in experimental condition (1) and (2) are shown in Fig. 5 and Fig. 6 , respectively. In these figures, the sizing interval is taken to be 0.1 mm. Large cavities of more than 1 mm in radius were observed slightly at large strain in both conditions. From Fig. 5 , the peak cavity size, which defined as the cavity radius where the number of cavities per unit area at each strain is largest, was about 0.15 mm at true strains of 0.2 and (1) and (2). Tensile direction is horizontal. Fig. 5 The variation in number of cavities per unit area as a function of cavity radius in experimental condition (1). Fig. 6 The variation in number of cavities per unit area as a function of cavity radius in experimental condition (2) .
Cavitation Behavior in Superplastically Deformed Zn-22 mass%Al Alloy at Room Temperature0.7, and subsequently increased to about 0.25 mm at a true strain of 1.2. In the experimental (2) (Fig. 6 ), on the other hand, the peak cavity size was about 0.05 mm at true strains of 0.2 and 0.7, and increased to about 0.15 mm at a true strain of 1.2. This indicates that the cavities were slowly grown during straining. In addition, it is anticipated that the critical cavity diameter in experimental condition (1) and (2), above which cavities are stable and below which cavities are unstable, may be approximately 0.2 mm and 0.05 mm, respectively. In superplastic deformation, the minimum cavity radius, r 0 , which will be stable under an applied tensile stress, , is generally given by
where is the surface energy. The high flow stress in lowtemperature deformation like condition (2) reduces the critical size of cavity, and consequently many cavities take place more easily. The minimum cavity size calculated in condition (1) and (2) is about 0.46 and 0.04 mm, where we assumed a value of ¼ 1:5 J/m 2 .
24) The values were approximately corresponding to the experimental observation described above.
The variation in the total number of cavities as a function of strain is also shown in Fig. 7 . It was obvious that the total number of cavities in experimental condition (1) was smaller than that in experimental condition (2) . In condition (1), it is difficult for the cavities to take place due to the lower flow stress as indicated in eq. (2), and subsequently the total number of cavities increases with strain for materials because cavities are often nucleated at the interface or triple junction during straining. On the other hand, the total number of cavities was roughly constant in the condition (2) . This indicates that excessive strain-induced cavity nucleation is limited during straining and that most of cavities are nucleated during short straining of " < 0:2. In addition, it should be noted that the equivalent maximum number of cavities per unit area was observed in each condition, i.e., about 10000 per unit area.
Cavity growth analysis
The cavity growth mechanisms for superplastic materials may be classified into three categories: 27) diffusion-controlled growth, 28, 29) superplastic diffusion-controlled growth 21) and plasticity-controlled growth. 30, 31) The diffusion-controlled growth occurs due to the stressdirected diffusion of vacancies from a zone in the grain boundary plane adjacent to the cavity. The rate of diffusioncontrolled growth is given by 21, 32, 33) 
where r is the radius of cavity, " is the strain, D gb is the grain boundary diffusion coefficient, is the grain boundary width, is the atomic volume, k is Boltzmann's constant, T is the absolute temperature, _ " " is the strain rate, is the stress, is the surface energy and is the cavity size-spacing parameter. For the alloy in the present investigation, the value of is about 0.25 as follow: the cavity size-spacing parameter is given by 21 )
where a is the cavity spacing and r is the cavity radius. For Zn-22 mass%Al alloy in the present investigation, a ; 2 Â 10 À6 m and r ; 2 Â 10 À7 m, respectively. Therefore, is calculated to be approximately 1/4 for this alloy.
Chokshi and Langdon 21) proposed superplastic diffusioncontrolled growth, that is, the cavity growth is due to additional mass transfer along grain boundaries intersecting the surface of the cavity. The growth rate is given by 21, 33) 
where d is the grain size. Plasticity-controlled growth occurs by plastic deformation of a material surrounding a cavity. The rate of plasticitycontrolled growth is given in the form 21, 32, 33) 
Because these cavity growth mechanisms operate independently, the fastest process is the dominant process of the cavity growth mechanisms. Figure 8 shows the relationship between the cavity growth rate and cavity radius in three theoretical growth mechanisms. These curves were estimated using the experimental data with ¼ 1: 34) where R is the gas constant (8.31 Jmol À1 K À1 ). Figure 8 includes the experimental growth rates, which were obtained from the slope of the curves in the average cavity radius as a function of strain, calculated from the 50 largest cavity sizes in both conditions. The experimental growth rates in both conditions were in good agreement with the rate predicted by plasticitycontrolled growth mechanism. It was verified that the cavity growth mechanism in both conditions was almost same in spite of the difference of the m-value and testing temperature.
Summary
Cavitation behavior in Zn-22 mass%Al alloy was investigated in the different deformation conditions by a quanti- (1) The diffusion-controlled growth was the dominant cavity growth mechanism below a true strain of 0.5 in both conditions. (2) Above a true strain of 0.5, the plasticity-controlled growth was dominant and the cavity growth rate parameter, , is 1.65 and 2.45 in the condition (1) and (2). (3) The critical cavity radii predicted experimentally and calculated theoretically were approximately 0.2 and 0.05 mm in the condition (1) and (2), respectively. (4) The total number of cavities in condition (1) was small in incipient period of straining due to the low flow stress, and subsequently increases with strain. On the other hand, the most of cavities were nucleated during straining below 0.2 in condition (2). (5) The experimental cavity growth rates in both conditions were almost identical in spite of the difference of the mvalue and testing temperature. Fig. 8 The variation in cavity growth rate as a function of cavity radius for diffusive and plastic mechanisms together with experimental measurements calculated from the 50 largest cavity.
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